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PREFACE 

In 1955, the team which has become the Marshall Space Flight Center 
(MSFC) began to organize a research program within its various laboratories 
and offices. The purpose of the program w a s  two-fold: first,  to support existing 
development projects by research studies and second, to prepare future develop- 
ment projects by advancing the state of the art of rockets and space flight. 
Funding for this program came from the Army, A i r  Force, and Advanced 
Research Projects Agency. The effort during the first year was modest and 
involved relatively few tasks. The communication of results was, therefore, 
comparatively easy. 

Today, more than ten years later, the two-fold purpose of MSFC's 
research program remains unchanged, although funding now comes from NASA 
Program Offices. The present yearly effort represents major amounts of money 
and hundreds of tasks. The greater portion of the money goes to industry and 
universities for research contracts, However, a substantial research effort is 
conducted in house at the Marshall Center by all of the laboratories. The com- 
munication of the results from this impressive research program has become a 
serious problem by virtue of its very voluminous technical and scientific content. 

The Research Projects Laboratory, which is the group responsible for 
management of the consolidated research program for the Center, initiated a 
plan to give better visibility to the achievements of research a t  Marshall in a 
form that would be more readily usable by specialists, by systems engineers, 
and by NASA Program Offices for management purposes. 

This plan has taken the form of frequentResearch Achievements Reviews, 
with each review covering one o r  two fields of research. These verbal reviews 
are documented in the Research Achievements Review Series. 

Erns t Stuhlinger 
Director, Research Projects Laboratory 

T h e s e  papers presented January 27, 1966 
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BY 

John G. Gregory 

SUMMARY 7@7a5 
The basic principles and the construction of a 

hydrogen mase r  and i ts  potential a s  a highly stable 
frequency reference for  precision tracking systems 
a r e  discussed. Improvements in stability and size 
a r e  presented and future improvements a r e  pro- 
posed. Results of measurements of relative fre- 
quency stability of two mase r s  and the comparison 
of a hydrogen mase r  and a cesium beam a r e  dis- 
cussed. Also presented i s  the status of the hydrogen 
mase r  program and possible a reas  of application. 

L I S T  OF SYMBOLS M4 
X - dimensionless measure of the external mag- 

'e B~ netic field, X = - 
A W  

I - quantum number related to the nuclear angular 
momentum 

F - quantum number related to the total angular 
momentum of the entire atom 

and long term frequency stability a s  well as a high 
degree of intrinsic reproducibility. .Many tracking 
systems, such as  MSFC's ODOP and command and 
communications system, use the doppler frequency 
for range measurements. Range rate  measurements 
require a high o rde r  of short  term stability; in range 
measurements the emphasis is placed upon long term 
stability. 

More stringent requirements are placed upon 
long term stability when position data a r e  required 
in addition to range and range rate data. Employing 
a three-station geometry and integrating the doppler 
frequency gives position a s  well a s  range data. The 
three station configuration requires that the doppler 
data obtained be referenced to a common, highly 
stable frequency source. This can be accomplished 
by transmitting a frequency reference from one 
station to the other two stations. Transmitting a 
stable frequency reference is undesirable because 
such transmission: 

1. Is susceptible to variations caused by 
weather and atmospheric conditions. 

2. Is a potential source of electromagnetic 
interference, particularly near the launch 
area. 

3. Places limitations on the station geometry. 
m - magnetic quantum number F 

p - electronic dipole moment e 

B - external magnetic field E 

W -energy of the atom 

1. INTRODUCTION 

Tracking, communication, and guidance re- 
quirements f o r  the launch, ear th  orbital ,  and deep 
space phases of a mission often demand highly stable 
frequency sources  possessing a high order  of short  

A solution to these problems would be to provide 
each station with its own frequency reference,  whose 
instability would be a negligible factor in the deter- 
mination of range, range ra te ,  and position. In 1961, 
MSFC began a search for  such a frequency source 
and found that the hydrogen m a s e r ,  invented by 
Dr. Norman Ramsey of Harvard University, had 
excellent possibilities for  providing long and short  
term stability. A contract was  awarded to the 
Quantum Electronics Division of Varian Associates::< , 
which had been working in the frequency control field 
with both hydrogen and cesium, to develop a hydro- 
gen m a s e r  frequency source. The hydrogen mase r  

;b Contract NAS 8-2604, principal experimenters are 
Dr. Robert Vessot and Dr. Jacques Vanier. 
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was chosen because it has the follon ing desirable 
characterist ics:  

1. It has  a narrow line width, resulting from 
atoms having a long interaction time in a 
very unperturbed condition. 

2. Doppler shifts of the f i r s t  o rde r  are very 
smal l  because the average velocity of the 
atoms in the bulb is nearly zero. 

:j. k i n g  a mase r  oscillator, the device has 
inherently low noise and avoids the dis- 
advantages of electronic servos  used to 
seck thc center of the line. 

I I. B A S  I C  THEORY 

A hydrugeri maser oscillator i s  a dcvice which 
relics on three processes for  successful operation: 

1. Dissociation of molecular hydrogen into 
atom ic hy droge t i .  

2. Pt.lcctioii o f  atoms of the proper energy 
state. 

:{. Stomge of these :itonis for  ;I relatively 
long pcriod of time. 

A functiortal scxhc%m:itic di:igram o f  thc atomic 
hytlrogcn maser i s  given in Figure 1. Molecular 
hydrogen i s  dissociated by an electr ical  discharge 
niid the atoms :irc fomicd into n bemi. This beam 
contains atoms a t  various energy levels. Figure 
2 slio\ts the Zeeni:in splitting of the hyperfine energy 
levels  of the ground electronic s ta tes  of hydrogen. 
I t  i s  imporhiit  to note that enerby levels for  which 
m = 0 lenvc the zero magnetic field axis with 

zero slope. Transitions between these levels afford 
the best opportunity for  making highly stable frequency 
SOLII~CCS bec:iuse the transition frequencies are least 
dcpcncl(~nt upon firltls arising from the environment. 

F 

The bc:~ni, containing hydrogen atoms in the 
various states, i s  passed through a state-selecting 
m:igiiet where, by virtue of the differences in the 
c~l'l'cctivc atomic dipole moments, the upper pa i r  of 
hyperfine levels :ire focused into a converging beani 
u h i l c ~  the lower pair of hyperfine levels are deflected 
o u t  01 thc beam ( Fig. 2) .  

The beam containing the higher pa i r  of hyperfine 
Zecman s ta tes  is  passed into a specially-coated 
qu:irtz storage bulb located inside an R F  cavity. 
The atoms makc random collisions with the walls of 
the coated bulb and are reflected. During this process ,  

I 
I 

DISSOCIATION BY AN 
ELECTRICAL DISCHARGE 

m F = l  DC D ~ x h o r p c  

Energy 
F-1 2 k  nyperf81L F -< I Field O 

L o r  Field 

Woad. Tube 

Dissoc,otoon Of Molecular 
Hydropen To A t o m ~ c  nydrog.n 

HI t Energy-ZH, 

3 n o  

FIGURE l . ,  SCHEILIATIC DIAGRAM O F  THE 
HYDROGEN MASER 

I- HYDROGEN 

1 - 1  2 

" 0  1.420 4057518 MHz 

l o o  I 
FIGURE 2. ZEEMAN ENERGY DIAGRAM FOR 

ATOMIC HYDROGEN 

2 

L 
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the a&ms  interact with the microwave field within 
the R F  cavity which is tuned to the frequency of 

= 0 - I * the hyperfine frequency of the F = 1, m F 
F = 0,  m = 0 transition. The interaction between 

the atoms and the microwave field continues until 
the atoms give up their energy usefully to the 
microwave field. Interaction periods in the order  
of one second have been achieved. The long inter- 
action time permits coherent stimulation of the 
hydrogen atoms and sustained m a s e r  oscillation. 
This is detected by means of a small  coupling loop. 
The power level available is approximately IO-'' 
watts. 

F 

The quartz storage bulb and the R F  cavity are 
surrounded by three sets of magnetic shields and 
a set of coils,  as shown in the upper par t  of Figure 
1. The magnetic shields are used to reduce the 
ambient field. The coils are used to produce a 
small ,  uniform magnetic field whose component is 
along the beam axis for  the purpose of separating 
the Zeeman levels to be su re  only the F = I, m = 0 

states  in the selected atoms contribute to the m a s e r  
action. It is important to point out also that, except 
for  atomic hydrogen, the space within the mase r  is 
evacuated and that provisions a r e  made for remov- 
ing the expended hydrogen. 

F 

I 1 1 .  DESCRIPTION OF A HYDROGEN MASER 

Figure 3 is a schematic diagram of a hydrogen 
m a s e r  s imilar  to the two which were built for  MSFC. 
The base of the m a s e r ,  which is about the s ize  of a 
desk, houses the hydrogen supply, discharge assem- 
bly, vacuum system, and thermal and magnetic field 
controls. The upper portion is cylindrical, 82 cm 
long and 48 cm in diameter,  containing the storage 
bulb, microwave cavity, magnetic field coils,  ther- 
mal  coils,  and magnetic shields. Figure 4 shows 
an enlarged view of the upper portion of the maser .  
Figure 5 is a photograph of one of MSFC's mase r s  
undergoing tests. 

Commercial grade hydrogen, stored in a small  
tank, is passed through a controlled leak into a 
palladium purifier and then to the discharge chamber 
(Figs .  3 and 4). The discharge chamber,  approx- 
imately 2. 5 c m  in diameter and 2. 5 cm long, is 
located between two RF coils resonated a t  112 MHz 
(Fig.  6 ) .  A solid-state crystal-controlled oscilla- 
tor generates 10 watts of power and produces a dis- 
charge in the gas which dissociates molecular 

UPPER 

LOWER 

/DEGAUSSING TERMINAL 

DOUBLE OVEN AND 
THERMAL SHIELDS 

RF DISCHARGE 

VACION PUMPS 

FIGURE 3. HYDROGEN MASER CUTAWAY 

d A C  DEGAUSSING CURRENl 

MUMETAL SHIELDS 

TEFLON LINED QUARTZ 

QUARTZ CAVITY 

TEFLON COLLIMATOR 
THERMAL INSULATION 

HEATING COILS 

SEPTUM AND 
COLLIMATOR 

HEXAPOLEMAGNET 

RF DISCHARGE TUBE 

RF INPUT 

PUMPS AND 
SHIELDING 

PALLADIUM HYDROGEN 
PURIFIER 

CONTROLLED 
LEAK 

FIGURE 4. HYDROGEN MASER TOP ASSEMBLY 

3 
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... 
. ) I  

. *  ' .  

.I_ 

FIGURE 5. HYDROGEN MASER AT MSFC 

* 
about 400 tubes, each tube averaging 0.038 m m  in dia- 
meter  with walls 0 .005 m m  thick. The collimator 
(Fig.  7) is approximately i. 4 mm in diameter and 
I. 4 mm long and is located at the output of the source.  
The collimator allows a total flux into the lower 
vacuum system of about i o i 6  a toms/s ,  so that a 
pressure of mm Hg can be maintained by a 
VacIon pump with the m a s e r  in operation. 
containing hydrogen atoms in selected states pro- 
ceeds through a collimator to the upper vacuum 
chamber evacuated by another VacIon pump. The 
upper vacuum chamber,  maintained at a pressure of 

mm Hg, cncloses the storage bulb and R F  Cavity. 
This prevents atmospheric disturbances from detunillg 
the cavity. Also, differentially pumping the source 
and storage bulb chamber prevents excessive beam 
scattering. 

The beam 

FIGURE 7. COLLIhlATOIi CROSS SECTION 

FIGURE G. RF DISCHARGE SOURCE ASSEMBLY 

hydrogen into atomic hydrogcn. The pressure in 
the discharge can be sc t  from 0.2 to 0. 02 mm Hg. 
A becam of atoms is formed by allowing the atoms 
to cscape through :I multitube collimator having 

The R F  cavity (Fig.  8) is made of a fused quartz 
cylinder si lvercd on the inside and isolated from the 
bell j n r  with thin-walled quartz  tubes. Having the 
cavity under vacuum in a bell jar provides a good 
thermal envirGnment. Thc bcll jar (Fig.  8 )  enclosing 
the cavity i s  made of copper and is welded to a copper 
base plate that contains the weld joints to the tuner 
and output coupling. 
i s  a tr iple set af mumetal shields and a double oven 
built as one assembly. 

Surrounding thc bell jar assembly 

The inner oven is controlled 

4 
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T 

I 

i 

? 

FIGURE 8. R F  CAVITY ASSEMBLY 

to i / i O O  'C a t  a temperature of 40' C. 
is s e t  at 39°C. Cavity temperature is monitored by 
a platinum thermal bridge on the bell j a r  and con- 
trolled by an electronic servo system. The cavity 
mode is the cylindrical TEoll mode, which has only 
azimuthal wall currents ;  therefore, good contact 
between the cylinder and end plates is not required. 
The unloaded cavity resonates with a length and dia- 
me te r  equal to 27. 6 cm. The theoretical Q is 87 000 
f o r  s i lver  plated walls; however, in practice,  a Q of 
60 000 is obtainable. The quartz storage bulb does 
not appreciably affect the Q, but will decrease the 
resonant length of the cavity. To compensate for  the 
peculiarities of the storage bulb, the position of one 
end plate i s  adjustable. 

The outer oven 

The quartz storage bulb is oval with a nominal 
diameter of 15 c m  and is coated with teflon. Con- 
t rol  of the lifetime of atoms in the bulb is obtained 
by the s ize  of the bulb and by the s ize  and flow factor 
of the collimator. Very simple collimators a r e  
made of solid teflon o r  by coating a pyrex plug and 
a r e  seated like a stopper in the mouth of the bulb. 

A s  a resu l t  of the quadratic field dependence of 
the desired transition, i t  is desirable to reduce the 
ambient field a t  the storage bulb to a very low value. 
The most satisfactory ivay to accomplish this is to 
use magnetic shields. Three concentric cylindrical 
mumetal shields reroute externally applied field 
l ines away from the inter ior ,  and the inner shield 

forms a cylindrical equipotential surface for the 
fields generated by the interior solenoid. The sole- 
noid is used to counteract the ear th 's  magnetic field 
and to introduce a small  uniform component along the 
beam axis for separating the Zeeman levels. 

IV. FREQUENCY MEASUREMENTS 

An extensive frequency stability measurement 

The 
program was undertaken to determine the perform- 
ance of the two mase r s  developed for  MSFC. 
program consisted of measuring: 

i. The relative long and short  term stability 
of MSFC's two hydrogen masers .  

2. The precision to which a given pair of 
mase r s  can be reset  with respect to 
frequency. 

3. The ratio of cesium to hydrogen frequencies 
of hyperfine separation. 

A very simple method for making frequency 
comparison measurements to determine the relative 
frequency stability between two mase r s  is presented 
in Figure 9. The output from each mase r  is fed 
through an isolator providing 60 dB of isolation. The 

MASER 

ISOLATOR 

n--d MASER "B" 

ISOLATOR 

MIXER 

LOCAL 

KLYSTRON PHASE 

OSCILLATOR COUNTER 

FIGURE 9. FREQUENCY COMPARISON RECEIVER 

signals a r e  then both connected to the input of a re -  
ceiver consisting of an I F  amplifier terminated in a 
diode. The output of the diode is filtered and fed to 
a s t r ip  char t  recorder.  
operates a counter that measures the beat period 
o r  the period for  10 beats. 
to a digital-to-analog converter whose output is also 

The filtered signal also 

The counter is connected 
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1< ese tabili ty 

recorded on the s t r ip  chart. 
of some of the initial measurements made on MSFC's 
two masers .  

Figure 10 is a sample 

* 5  x 10-13 

< -  

WRY) 

Y I  I 

-~ f , -__-T-*---  ~. --- - - .  , *- &''I YI n -4 r*Tn  

FIGURE 10. FREQUENCY DIFFERENCE BETWEEN 
TWO HYDROGEN MASERS 

V. ACCOMPLISHMENTS 

The mase r  program sponsored by MSFC has led 
to the design of the H-10 maser  which represents 
the f i r s t  step in  reducing the s ize  of thc hydrogen 
maser .  Figurc 11 is a schematic diagram of the 
H-10, and Figure 1 2  is a photograph of a pair of 
H-10's in their final stages of completion. 
H-10 mase r  is 56 c m  square a t  the base, 200 cm 
high, and weighs about 360 kg. Improvements have 
been made in the vacuum system, thermal control 
system, and electronic packaging. 

The 

The following table lists the characteristics of 
the hydrogen maser  achieved under MSFC's pro- 
gram with Varian Associates. 

TABLE I. HYDROGEN MASER STABILITY 

( r m s  deviation from the mean) 

o n e  sccond 

Otic niinule 

Onc hour 

I 
onc day 

one month 

&---  DEGAUSSING TERMINAL , 

-- VACUUM E N V E L O P E  

/ STORAGE B U L B  

RF COUPLING MAGNETIC SHIELDS 

DOUBLE O V E N  
THERMAL CONTROL 

SEPTUM a ORIFICE 
U P P E R  SYSTEM 

LOWER SYSTEM ,r H E X A P O L E  MAGNET 

- SOURCE COLLIMATOR 

H I  DROGEN SUPPLY -' 
R F  H, DISSOCIATING 

DISCHARGE w 
FIGURE 11. €I-10 ATOMIC HYDROGEN 

FREQUENCY STANDARD 

A program is underway to reduce the s ize  of the 
present H-10 to approximately half. Investigations 
are being car r ied  out with a spherical quartz di- 
e lectr ic  cavity (Fig. 13). This cavity is consider- 
ably smal le r  than the cylindrical cavity now used and 
would allow a substantial reduction in the s ize  of the 
magnetic and thermal shields. The quartz spherical 
cavity would be quite rugged and could be the f i r s t  
step in the design of a hydrogen mase r  for  space 
application. 

VI. A P P L I C A T I O N  

Hydrogen m a s e r s  are presently being evaluated 
o r  are on order  by various NASA centers ,  JPL, 
Harvard University, and the National Bureau of 
Standards (Boulder, Colorado). 
because of its excellent long and short  t e rm fre- 
quency stability, is useful for laboratory time-fre- 
quency measureinents, for spectroscopy, and as a 
frequency reference fo r  precision tracking systems. 
These applications deal only with the ground based 
hydrogen maser .  In space it may be applied in the 
area of geodetic research ,  navigation, time distri- 
bution, and important physical experiments such as 
the relativistic gravitational red shift. 

The hydrogen mase r ,  
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FIGURE 12. H-IOMASER ASSEMBLY COMPLETION 
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FIGURE 13. SPHERICAL QUARTZ CAVITY 
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mE,j.6726 % -  DEVELOPMENT OF A SOLID - STATE IMAGE CO 

BY 

Carl T. Huggins 

S U M M A R Y  

A solid-state image converter equivalent to the 
vidicon and capable of imaging radiation from the 
near  infrared to 11 000 A is discussed. The image 
converter and its associated circuit  comprise a 
very small  solid-state television camera designed 
for  space use. A monolithic mosaic of photo- 
t ransis tor  elements is complemented by densely 
packed integrated electronic circuits containing 
commutating switches, logic and switch-pulse gen- 
erating circui ts ,  and a video preamplifier (emit ter  
follower amplifier). 

1. INTRODUCTION 

In 1960 and 1961, when the testing of tubes for  
television cameras  for  space use was begun, it 
was found that the operating environment was the 
most  ser ious problem associated with the television 
system. Tes t s  in 1960 through 1963 indicated that 
obtaining pictorial information by the use of con- 
ventional television imaging tubes w a s  not the best  
electronic means. Conceivably a system operating 
on the basis of solid-state technology could ulti- 
mately provide the device for  obtaining this pic- 
torial  information without having most of the ob- 
jectional features  of present standard and experi- 
mental cameras .  

A system was envisioned in which the present 
imaging device, a conventional tube, would be 
replaced by a solid-state image converter operating 
on the basis of photoelectric effects and associ- 
ated with circui t ry  using the most  minute solid- 
state devices available. A program was outlined for  
development beginning in 1962 to produce a s  the 
ultimate goal a solid-state television camera com- 
patible with standard television resolution and data 
rates. 

Such a camera  could then be improved to be 
compatible with our current  closed-circuit systems 
f o r  higher-resolution pictorial information trans- 
mission. This  need not necessarily be for  use with 

spaceborne cameras  but could be used for  other 
purposes such as data storage o r  conversion, o r  
commercial use in sports ,  news, and educational 
broadcasting. 

Ultimately, i t  is felt that this type of camera 
would be the one best  suited for  the extended space 
environment encountered on interplanetary missions. 
Because of the small  s ize  of this device, a number 
of them would occupy the same volume i n  a space- 
craf t  a s  one standard flight television camera and 
consume equal o r  less power. Therefore,  this 
device is directly related to the future planning of 
orbital, lunar, and planetary missions that may 
require the use of pictorial information. Since this 
camera,  as well be explained la ter ,  uses digital 
logic in extracting information, it is applicable to 
any ra te  of readout. I ts  output could be transmitted 
over extremely narrow band o r  wide band RF links 
o r  over narrow band closed circuits such as tele- 
phone lines; but the circuit  alterations necessary 
for  this bandwidth change are extremely minor. 

11 .  COMPLETE SYSTEM 

The complete system in a 15.2 x 10.2 x 8. 9 cm 
case is shown in Figure I. 
camera a r e  the mosiac sensor,  the video pream- 
plifier,  the logic circuitry,  and the commutating 
switches. 
electronics. The silicon mosaic wafer is 1. 3 cm 
square and utilizes a standard 16 mm lens system. 

The componedts of the 

Figure 2 shows the mosaic and supporting 

The readout circuitry packaged in the welded 
modules contains the required commutating switches, 
the logic and switch pulse generating circuits,  and 
the video preamplifier (emit ter  follower amplifier) 
between the mosaic and the switches. These circuits 
permit high packing density since they are all  molec- 
ular.  
and vertical sweep generators and a video mixer am- 
plifier. The power consumption is less than 4 watts .  

A. MOSAIC SENSOR 

Also included in the package a r e  horizontal 

The mosaic sensor  is the solid-state equivalent 
of the vidicon and can image radiation in the visible 
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. 
and near  infrared regions to 12 000 A. It is read out 
through a combination of metallized interconnections, 
bonded leads, and a printed circuit board instead of 
the beam-scan techniques employed by vidicon and 
image orthicon tubes. 

Selection of material for  the sensor  was based 
on considerations of both reliable fabrication tech- 
niques and mater ia l  spectral response. Silicon was 
selected to satisfy both conditions. 
c ros s  talk, that is, to maximize isolation between 
the individual elements while maintaining high re- 
solution, imaging is accomplished by conversion of 
light to current  in discrete sensor regions, all of 
which are contained in a single monolith. The 
mosaic concept was introduced to achieve this large 
number of discrete  isolated elements interconnected 
in  a configuration in which each photo element could 
be sequentially interrogated as an isolated device 
without necessitating a n  unwieldy number of individual 
leads. The concept of XY interconnections was 
introduced to provide a structure both manageable 
in its number of leads and compatible with conventional 
viewing systems that accept XY data. 

To minimize 

- - - -  

FIGURE 2. MOSAIC AND SUPPORTING 
ELECTRONICS 

P 

FIGUItE 1. COPvIPLETE SOLID-STATE 
TELEVISION CAMERA 

The mosaic sensor is a matrix of 50 x 50 N P N  
phototransistors on . 2 5 4  mm ccnters ,  giving a 
total of 2500 phototransistors on a single monolith. 
Figure 3 shows a block diagram of the image con- 
ver ter .  

The phototransistor elemcnts have :i square 
geometry with discrcte emit ter  and base regions, 

7 

, I  

r---------- 

;emh 

FIGURE 3. BLOCK DIAGRAM O F  THE 
IMAGE CONVERTER 

but with collector regions common to a column of 
50 elements (Fig.  4).  N o  e lectr ical  access  is pro- 
vided to the individual phototransistor base regions. 
The emi t te rs  a r e  interconnected with evaporated 
aluminum s t r ips  in 50 isolated columns. 

10 
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SURFACE EMITKR STRIPS X 

ISOLATION ISOLATION - - 

INTERNAL ITRIP COLLECTOR 
INTERCONNECTION 

FIGURE 4. SECTION O F  MOSAIC WITH 
XY INTERCONNECTIONS 

Unique access  to any individual element of the 
XY mosaic is available through one of the X and one 
of the Y external leads. Only the single element that 
lies a t  the intersection of these XY interconnections 
is interrogated. 

Since a phototransistor structure was selected 
for  the discrete photon detectors of which the 
mosaic is composed, the diffusion junction depths 
must be optimized with respect to photon absorption, 
surface recombination must  be minimized, bulk 
minority c a r r i e r  lifetime must be maximized, and 
the width of the depletion layer a t  the base collector 
junction must be large. Extreme processing con- 
t rol  is not necessary to obtain useful single photo- 
transistor elements ; however, i t  is absolutely 
essential  to fabricate a uniform mosaic of as  many 
as 2500 elements. 

This s t ructure  of light-sensitive elements with 
XY diffused and deposited interconnections is shown 
in Figure 5; the inset is an 8 x magnification. 

FIGURE 5. A 2500-ELEMENT MOSAIC 

FIGURE 6. MOSAIC MOUNTED FOR TESTING 

Figure 6 shows the mosaic mounted for  testing. 

B. VIDEO PREAMPLIFIER 

Like a vidicon camera  tube, a phototransistor 
element is a current  generator and therefore re- 
quires a current amplifier, the gain required being 
substantial and depending on the level of light falling 
on the mosaic. To prevent noise from being gen- 
erated by unwanted transients in the switch circuits,  
i t  is necessary to put the amplifier before the read- 
out switch. The amplifiers in use now have a cur- 
rent gain of 300 a t  one microampere and an input 
impedance of 300 000 ohms. This allows operation 
in the l inear a rea  of the amplifier curve and pro- 
duces sensitivity near that of the vidicon. 

The video preamplifier ( e m i t t e r  follower am- 
plifier) is necessary i n  the readout commutating 
circuitry for  a number of reasons. The most im- 
portant is that the impedance can be made much 
smaller  so that switching speeds required to read 
out mosaics of much la rger  than 50 x 50 elements 
can be readily obtained. 

C. LOGIC CIRCUITRY 

Since clock frequencies approaching 1 MHz 
will ultimately be needed, flipflop binary logic was 
chosen because of its compatibility with integrated 
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molecular circuitry. From experience gained with 
diode matr ix  ring counting, it w a s  decided to use 
standard N P N  flipflop binary logic. Reliable oper- 
ation of the flipflop was assured because of the 
sequential nature of the s e t / r e s e t  operation in the 
regis ter  of flipflops which divide the clock frequency 
and because of the nominal fan-out requirements. 
The logic provides the timing for pulsing the emitter 
readout switches, for application of voltage pulses 
to the collector rows of phototransistors, and for 
synchronizing the horizontal and vertical  saw gen- 
e ra tors  for  the monitor. 

The sampling switches multiplex 2500 mosaic 
analog signals onto one output resistance. Since 
there are 50 discrete elements on a line, the dwell 
time per element is about 6 .6  p s  and the clock 
frequency is 150 kHz. For the line switching, the 
dwell t ime is 50 elements t imes 6.6 p s ,  o r  330 
p s. 
nized with the element sweep, which i s  3 kHz. 

The clock frequency for this sweep i s  synchro- 

Readout is accomplished by applying a voltage 
to a 50-element collector s t r ip  and sequentially 
commutating the rows of emitter elements. In 
this way i t  is possible to read sequentially one ele- 
ment a t  a time while cutoff is maintained for  all 
other elements. 

The required timing for the series of 50 pulses 
to drive the 50-element commutator for both X 
readout and Y readout of the mosaic sensor is ob- 
tained from the 6-bit flipflop regis ter .  Since only 50 
of the available 64 sequential outputs of the register 
are used, a carryover function o r  rese t  logic pro- 
vision is necessary at  the termination of readout of 
each line and row of mosaic sensor elements. This 
eliminates readout dead time. A diode matrix 
converter is used for translating each number to 
decimal notation. Amplifiers a r e  needed a t  the 
output of the converter to provide co r rec t  amplitude 
and phase to drive each of the field-effect t ransis tor  
switches. The Y readout logic is s imilar  to the X 
readout logic, but it operates a t  a clock ra te  of 
only 3 kHz. 

D. COMMUTATING SWITCHES 

The sampling switches a r e  now field-effect 
junction t ransis tors  so used a s  to provide excellent 
isolation between gate and source drained circuits,  
low noise level, and no offset voltage requirements. 
In addition, they require only one polarity-switching 
pulse. The signal handling capability of the switches 
ranges from 1 millivolt to 1 volt. These sampling 
switches multiplex 2500 mosaic analog signals onto 
one output resistance. 

I 1 1 .  FUTURE PLANS 

Present  progress indicates that a more eco- 
nomical, compact, and reliable camera requiring 
less  power can be made. 
ance,  we believe that the completion of the program 
will bring about better geometrical fidelity, greater  
dynamic range, less image smearing, and new types 
of signal processing with digital scanning. Of great  
importance to the lunar and planetary landing pro- 
gram is the fact  that this is the only camera we 
know of that can be made completely sterile. The 
present contract period of performance is scheduled 
to produce a mosaic containing 100 x 128 elements. 
This will prove the feasibility of producing a mosaic 
containing 200 x 256 elements which is approximately 
equal to the resolution of the commercial  home tele- 
vision receiver. 

A s  for i ts  perform- 

A second a r e a  of investigation is in coupling by 
means other than by wire. In this particular case, 
the one best adapted is the electro-optical coupling. 
A s  the number of elements increases ,  a method 
must be produced that wil l  reduce the number of 
connections between the mosaic and the readout 
equipment. 
ing leads (Fig. 6) , while a 200 x 256 mosaic will 
require 456 leads. Quantity production with this 
number of leads is considered highly impractical 
even if done by hand. 

A 50 x 50 mosaic requires 100 connect- 

The program has,  therefore, expanded into three 
a reas  instead of one: (1) processing improvements 
of the monolithic s t ructure ,  ( 2 )  electro-optical 
coupling (this a r e a  must keep pace with the f i r s t  o r  
we are faced with an impractical interconnection 
problem) , and (3)  electronic peripheral timing and 
readout equipment, which requires  a ra te  of time of 
operation increase that keeps pace with the element 
number increase in the monolith. 

IV. CONCLUSIONS 

The experimental resul ts  and the development of 
techniques to achieve them have proven that it is both 
feasible and practical  to produce a solid-state camera 
equal in performance to an industrial camera.  Its 
small  power consumption, s i z e ,  and weight plus its 
long life make i t  suitable for many uses in commerce,  
medicine, industry, and space.  
project  was done by the Electronic Research Labora- 
tory under the technical supervision of the author for 
NASA. 

The work on this 
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SUMMARY 

PROPAGATION STUDIES 

BY 
Paul M. Swindall 

A method for  increasing the accuracy of tele- 
metry signal strength predictions is discussed. The 
systems considered are novel in that they have dc- 
to-2OkHz signal strength recording responses. They 
make simultaneous phase coherent recordings of 
right c i rcular ,  left c i rcular ,  vertical ,  and horizontal 
polarizations. Research will continue in an effort 
to resolve propagation anomalies in preparation for 
manned vehicles. 

1. INTRODUCTION 

Accurate inflight signal strength measurements 
are necessary to verify the design and performance 
of R F  and antenna systems. Such measurements 
may also be used to analyze the effect of rocket 
exhaust f lames on the phase and amplitude of signals. 
Other propagation anomalies may be revealed by 
accurate signal strength information. 

Because multipath propagation occurs normally 
at low altitudes when the signal level is high and 
appears a s  a low frequency periodic function, it wi l l  
not be considered in this report. 

1 1 .  TELEMETRY MEASUREMENTS 

A. ANTENNA RADIATION 

Antenna radiation patterns are a major factor 
in the transmission of data from the vehicle to 
ground stations. The patterns are developed and 
determined by scale  modeling techniques, which 
mus t  necessarily involve a number of assumptions, 
approximations, and simplifications. A reliable 
means for  evaluating the accuracy of the antenna 
pattern scaling technique was  needed. 

B. RECORDING STATIONS 

Field strength measurements on R F  systems 
a r e  made by the Atlantic Missile Range, but these 
measurements a r e  secondary to data recording and 
a r e  typically f 5 to 6 dB in e r r o r  and occasionally 
an order  of magnitude in e r r o r .  This is to be 
expected, since normally the automatic gain control 
(AGC) voltage of standard data receivers is used 
for  signal strength recordings. This AGC voltage 
is logarithmic; and though i t  gives a wide dynamic 
range, it compresses the information, especially at 
high signal levels. 

Other factors that l imit  the usefulness of the 
standard range recordings a re :  

(1) Early in the flights, the vehicle is close 
to the receiving stations and the receivers are near 
saturation. 

(2)  Frequency response is limited to a few 
cycles,  o r  a t  best  to a few hundred. 

( 3 )  Generally only one o r  two polarizations a r e  
recorded; four o r  more a r e  needed for complete 
analysis. 

Funds were requested for  five specially instru- 
mented stations. 
crude but accurate instrumentation of two vans. 

The amount approved permitted 

A simple straightforward approach was used 
(Fig. 1) ; the best readily available commercial 
equipment was assembled inhouse with a minimum 
of modification. A manually tracked antenna, the 
most cri t ical  par t  of the system, was developed in- 
house because of limited time and funds. 

C. DESIGN REQUIREMENTS 

To define the system performance completely 
requires all senses of polarization simultaneously; 
i. e. , left c i rcular ,  right c i rcular ,  vertical, and 
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HOR HOR 
POLARIZ" 

horizontal. 
quency response average signal information, in- 
stantaneous i n f o m t i o n  was desirable to determine 
the noise characterist ics imposed on the signal. 
The data on the signal are neglected and used only 
for  identification. Some of the design goals were 
to have a recording of all polarizations, l inear  
signal strength, wide frequency response, mobility, 
and the best  obtainable accuracy. Higher frequencies 
are also needed for particular aspects of studies 
for  which the data are now being used. The vans 
might possibly be converted to S-band for  use  with 
the UHF telemetry and the command and communi- 
cation system on the Saturn V program. 

In addition to steady state o r  low fre- 

HORIZONTAL I 

POWER 
D I V I D E R  RIGHT R C  

I I  
CIRCULAR P O L  

I 3 DB 
VERTICAL HYBRID 

I I  L E F T  L C  

CIRCULAR P O L  POWER 
D I V I D E R  I 

MAG 

T A P E  

RECORDEI 

V 
P O L  

VERTICA 

1 1 1 
RANGE 
T I M I N G  

FIGURE 1. SIMPLIFIED BLOCK DIAGRAM OF 
RECEIVING STATION 

These vans,  specifically instrumented for signal 
strength measurement for  complete analysis, are 
the only ones known to be in existence using the 
technique described here. They have been used 
to t rack  vehicles other than Saturn, such as Atlas- 
Centaur, Polar i s ,  and Titan, though the dilficulty 
involved in automatic data handling has  only recently 
been solved with a new computer program developed 
by the MSFC Computation Laboratory. Some minor 
improvements are being added to the stations for  
easier data handling and better compatibility. When 
these are completed, this computer program, as 
well as the reduced data, will be  made available to 
interested people studying flame cffccts and other 
propnga tion effects. 

I I I. PARABOLIC D ISH ANTENNA 

Figure 2 shows :ui antenna with a 3. 05 m dia- 

The feed tu-rangement improves the side 
me te r  parabolic reflector and a novel feed arrange- 
ment. 

lobe s t ructure ,  thus reducing the multipath data 
deterioration caused by ground reflection of the side 
lobes. 

FIGURE 2. OVERALL VIEW O F  PARABOLIC DISH, 
TURNSTILE ANTENNA 

The turnstile element (Fig.  3) and the half wave- 
length rcflector comprise a feed which has  reduced 
s ide  radiation. 
apparently shifted nea re r  the ground plane and a 
considerable percentage of the power reradiated by 
the resonant reflector. This secondary radiation 
from the 1/2-wavelength reflector edges is cancelled 
at 90 deg because it has  180 deg phase difference 
perpendicular to the antenna lobe. This phenomenon 
reduced the f i r s t  s ide lobe of the prototype 1/4-scale 
design from minus 10 o r  12 d B  to minus 15 o r  16  dB. 
The feed was shifted off cen ter ,  which reduced the 
radiation toward the ground 1 or  2 3B more.  In the 
final full scale model, with careful focusing, the 
f i r s t  side lobe was down 16 or  17 dB; all other side 
and back radiation was reduced 20  d B  o r  more.  
main lobe is a m o r e  accurate approxilllation of an 
ideal wedge shape than i s  normally accomplished. 

The phase center of the feed is 

The 

The dual element o r  parasit ic technique for  
impedance matching also served as a broadbanding 
device, increasing the useful turnstile bandwidth 
by a factor of three  o r  more.  
Figure 4 show the relations of mutual impedance of 
the parasit ic element to the input impedancc of onc 
driven element of the reflector. 

The calculations in 
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FIGURE 3. TURNSTILE ANTENNA I N  
PARABOLIC DISH 

DRIVEN ELEMENT PARASITIC ELEMENT 

( I . )  VI = II Zll + 12 212 

(2.) 0 = 12222+ I I  212 

SOLVING THESE FOR 12 

SUBSTITUTING IN EQUATION ( 1 )  AND 
DIVIDING BY II 

RECEIVER 
ATTENUATOR 

MMMOTOR 

FILTER CONTROL 

FIGURE 5. EXTERNAL AUTOMATIC GAIN 
CONTROL LOOP 

transient fluctuations in the signal would cause 
minimum loss  in data and yet  keep the receivers in 
their  most l inear range. Though loss  of data occurs 
during switching (approximately 6 m s )  , this method 
eliminates e r r o r s  normally associated with conven- 
tional receiver AGC and transient response. 

Figure 6 shows the van and antenna as they 
were shipped to the Cape; Figure 7 shows the controls 
in the van. Each van was made portable and mobile 

FIGURE 6. TRACKING VAN AND ANTENNA 

with self-contained power generators and WWV re- 
ceivers  to monitor time signals from the National 
Bureau of Standards. They could be operated with- 
out external power o r  range timing if necessary,  
though power and timing have been available a t  all 
sites. 

FIGURE 4. IMPEDANCE COMPENSATION 
IV. DATA 

The signal f rom the antenna is fed into a 3-dB 
hybrid coupler where the circular  components a r e  
derived (Fig.  5) . Then, it feeds through the AGC 
step attenuators controlled by an output from the 
receivers .  These attenuators either increase o r  
decrease the sensitivity of the receivers  in 10 dB 
increments,  depending on the signal strength. The 
increments of 10 dB were chosen so  that spurious o r  

A. DATA REDUCTION 

A major problem was that no technique was 
available for  automatically reducing the data and 

15 
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FIGURE 7. CONTROLS IN PROPAGATION 
STUDIES VAN 

only typical small  samples of a few seconds interval 
could be reduced manually. The ear ly  par t  of the 
project yielded only manually extracted average 
data except for  particular times when exact re t ro-  
rocket firing time, ullage firing time, o r  stage 
separation could be identified by the effect of the 
functions on the signal. 

B. COMPUTER PRINTOUT 

The tapes were then used in establishing a com- 
puter technique to automatically reduce the flame 
data. The digital technique yields data a t  10 m s  
intervals with a 1kHz response. 
involved i n  the solution of the angle of the polar- 
ization ellipse ( r )  a re  shown in Figure 8. 

The equations 

The computer printout ( 1) gives a sample of 
the data corrected for calibration for each sense of 
polarization, (2)  contains the calculated angle of the 
polarization ellipse ( Fig. 9 ,  equation 1) , ( 3 )  con- 
tains calculations of the validity of the data ( Fig. 9, 
equations 2 and 4 ) ,  and (4) gives a go/no-go 
indication in one column to show if the d a b  arc good 
o r  bad. In other words, with the four simultaneously 
received phase-related signals, one receiver  channel 
can be checked against the others. A s  indicated, 
equation 4 must  'always cqual 1; any deviation from 
1 indicates e r r o r s  in one o r  more of the polarizations. 
In the CRSC of an excessive constant deviation from 
1, thc f inal  data accuracy can be improved by in- 
ser t ing a constant correction in one o r  morc  polariza- 
tion calibrations. The limit for f 1 dB c r r o r  is 
0. G to 1.3 .  Figure 10 shows a samplc computer 
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E ~ = . 7 0 7 k x  +Ey (COS++ j SIN 4 +90°)] 
ER =.707Ex+Ey SIN + + j Ey COS +] 
E~=.707kyCOS ++ j Ex +EySIN+] 

I .  ~ E R ~ = E x ~ + E ~ ~ - ~ E x E ~  SIN+ 
2. 2  EL^ = Ex2 + Ey2+2ExEy SIN+ 

BY COMBINING I. AND 2. SIN 4=  E B 2  
2ExEy 

2ExEy COS# 
E X ~ - E ~  2 

r = 1/2 ARCTAN 

r = 112 ARC cos E X ~ - E Y ~  
2 EL ER 

FIGURE 8. MATHEMATICAL ASPECTS OF 
ACQUIRING ALL POLARIZATIONS 

I. r - 1/2 COS- I E X ~ - E ~ ~  

EL ER 

E R ~  PERCENTAGE OF POWER IN RIGHT 3. PF ___ ~ ~ 2 ,  ~~2 CIRCULAR COMPONENT 

4. A = E*2 SHOULD ALWAYS EQUALONE 
E L ~ + E R ~  

FIGURE 9. CHECK EQUATIONS 

printout of the tabulated data, and Figure 11 shows 
a sample of an analog recording displaying the step 
functions in the data generated by the external 10 dB 
AGC attenuators. 

C. ACCURACY 

In the design of the receiving system, all e r r o r s  
were kept to a minimum practicable. A conservative 
receiving system relative accuracy of t 1 dB includcd 
calibration e r r o r  and circularity e r r o r  in the receiving 
antenna. Absolute e r r o r  is more  dependent upon 
absolute calibration of the calibration generator, ab- 
solute gain of the antenna, and other absolute meas-  
urements. 
the overall receiving station i s  approximately f 2 dB. 

A conservative estimate of the accuracy of 
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FIGURE 10. SAMPLE COMPUTER PRINTOUT 

-_ - - - . - - - _  

FIGURE 11. SAMPLE ANALOG RECORDING 

D. SA-10 NOISE SPECTRUM 

Figure 12 shows the noise power spectrum 
plotted f rom data received on Saturn I, vehicle 
SA-10, dur ing  retrorocket firing. This curve 

FIGURE 12. GAUSSIAN DENSITY COMPARED 
WITH MEASURED DENSITY 

shows that the noise spectrum is generallynor- 
ma l  o r  Gaussian. 
at particular t imes during preliminary analysis, is 
a resonance effect from the reinforcement and can- 
cellation ( acoustical interference pattern) caused by 

The only deviation, \vhich appeared 
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the clustering of engines. 
peak the flame modulation, and therefore the signal, 
at certain frequencies. 

This resonance tends to 

Observations indicate a possible acoustic res- 
onance modulation effect on the flame that appears 
as a shaping o r  peaking of the noise distribution 
curve a t  the acoustic resonance. This has not been 
completely substantiated but an effect has been 
observed that can be explained by this phenomenon. 
This effect approximates the resonant frequency of 
the engine o r  rocket nozzle in  question. 

E. FLAME ATTENUATION CONTOURS 

Figure 13 shows a typical plot of predicted flame 
attenuation contours a t  Cape Kennedy for different ve- 
hicle altitudes. These a re  projected from a ray drawn 

72 
rl 

FIGURE 13. PREDICTED FLAME ATTENUATION 
CONTOURS FROM S-IC MAINSTAGE ENGINES 
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from a vehicle antenna tangent to the inviscid boundary- 
of the plume. 
ing stations can be placed a t  optimum locations to 
obtain data for  comparison of actual and predicted 
flame attenuation. Figure 14 shows this comparison 
on SA-IO, identifying the f i r s t  and maximum flame 
effects and recovery. The smooth lines are pre- 
dicted data and the plotted points are actual meas- 
urements; i t  can be seen that some e r r o r  in  the pre- 
dictions is present. These and future measurements 
will be used to improve the accuracy of la ter  pre- 
dictions. 

Because they are mobile, the receiv- 

II) 
Y Y 

H 
z ’ f “ICAPE 

2 0  40 60 BO IW 

ALTITUDE IN KILOMETERS 

FIGURE 14. ACTUAL AND PREDICTED FLAME 
ATTENUATION 

V. CONCLUSIONS 

This research effort should continue, possibly 
with more  emphasis on retaining o r  improving 
tracking, recording, and calibration accuracy. The 
information gathered wil l  continue to be useful until 
the cr i t ical  propagation anomalies are completely 
resolved in preparation for manned vehicles. 

Another particularly important function of these 
receiving stations will be recording signal strength 
in the planned orbital antenna pattern experiment, 
in which the vehicle will be rolled to perform a more 
complete analysis of full scale antenna patterns. 
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UNITS O F  MEASURE 

In a prepared statement presented on August 5, 1965, to the 
U. S. House of Representatives Science and Astronautics Committee 
(chaired by George P. Miller of California), the position of the 
National Aeronautics and Space AdministrationonUnits of Measure 
was  statedby Dr. Alfred J. Eggers, Deputy AssociateAdministrator, 
Office of Advanced Research and Technology: 

"In January of this year NASA directed that the international 
system of units should be considered the preferred system of units, 
and should be employed by the research centers as the primary 
system in all reports and publications of a technical nature, except 
where such use would reduce the usefulness of the report to the 
primary recipients. During the conversion period the use of cus- 
tomary units in parentheses following the SI units is permissible, 
but the parenthetical usageof conventional units will  be discontinued 
as soon a s  it is judged that the normal users of the reports would 
not be particularly inconvenienced by the exclusive use of SI units. 

The International System of Units (SI Units) has been adopted 
by the U. S. National Bureau of Standards (see NBS Technical News 
Bulletin, Vol. 48, No. 4, April 1964). 

The International System of U n i t s  is defined in NASA SP-7012, 
"The International System of Units, Physical Constants, and 
Conversion Factors,I' which is available from the U. S. Government 
Printing Office, Washington, D. C. 20402. 

SI Units are used preferentially in this series of research re- 
ports in accordance with NASA policy and following the practice of 
the National Bureau of Standards. 


